ABSTRACT An endogenous inhibitor of the reticulocyte ATPdependent proteolytic system has been purified partially by ammonium sulfate precipitation from rabbit reticulocyte and erythrocyte extracts. Inhibitor-free protease rapidly degrades 21-40% of the substrate [14C]methyl-a-casein per hour, resembling ATPdependent activity in reticulocyte extracts. This proteolytic activity is not stimulated by ATP and does not respond to ubiquitin. Adding back the inhibitory fraction to reticulocyte inhibitor-free protease results in a significant decrease (65-75%) in proteolysis, both in the presence and absence of ATP. In contrast, inhibition is repressed when both ATP and the ubiquitin-containing fraction are present, resulting in an 80-350% stimulation of proteolysis by these components. These results suggest that ATP, in the presence of ubiquitin, may act in releasing the protease(s) from its endogenous inhibitor. Erythrocyte extracts, unlike reticulocyte extracts, exhibit low levels of ATP-dependent proteolytic activity. However, ion-exchange chromatography reveals that erythrocytes contain levels of proteolytic activity that are comparable to the reticulocyte's inhibitor-free protease. Addition of ubiquitin and inhibitor to erythrocyte protease results in a highly ATP-dependent activity that resembles levels of ATP-dependence (3-to 4-fold) seen in reticulocyte extracts. Thus, the proteolytic and inhibitory components of the ATP-dependent proteolytic system appear to be retained with reticulocyte maturation. However, some other component(s) of the system are lost or modified with maturation so that the protease remains inactive.
It has been known since 1953 that depletion of ATP inhibits intracellular proteolysis (1) , yet the role(s) of ATP in protein degradation have not been established. A soluble ATP-requiring proteolytic activity has been described in reticulocytes that appears to be responsible for the selective degradation of abnormal proteins within these cells and for the loss of organelles occurring during reticulocyte maturation (2) (3) (4) (5) (6) (7) . This ATP-dependent activity declines with reticulocyte maturation and decreases further to negligible levels with aging of erythrocytes (4, 8, 9) . The age-dependent loss of this "scavenger system" may result in toxic accumulation of oxidized and denatured proteins, in turn, influencing the life-time of erythrocytes (9) .
Hershko, Rose, and colleagues have proposed (10) that the function of ATP in protein degradation is in the formation of conjugates of the 8,000-dalton polypeptide, ubiquitin, with cellular proteins. Such complexes appear to result from covalent bond formation between E-amino groups on proteins and the COOH-terminus of ubiquitin (10) . Presumably, the protease(s) recognize and hydrolyze ubiquitin-protein conjugates (10, 11) . However, the general importance of these conjugates in protein degradation is presently uncertain because direct evidence for the preferential breakdown of conjugated proteins is not available.
In contrast to a ubiquitin-dependent mechanism, Goldberg and colleagues (12) have argued that the responsible protease is directly stimulated by ATP. However, the erythroid protease purified by these workers is stimulated markedly by other nucleotides and pyrophosphate, and it does not require Mg2+ in contrast to the specific MgATP-dependency seen in crude reticulocyte extracts.
Thus, neither the importance of the ubiquitin-protein conjugates nor the intrinsic ATP-dependence of the protease satisfactorily explain the role of ATP in reticulocyte proteolysis. In the present study, we propose a new role for ATP and ubiquitin in proteolysis. Our studies demonstrate the existence of an endogenous inhibitor in reticulocyte that can be repressed by ATP if ubiquitin is present. With reticulocyte maturation, the inhibitor and protease remain, but the ubiquitin-containing fraction is less effective in repressing the inhibitor.
MATERIALS AND METHODS
Preparation of Reticulocytes and Erythrocytes. Reticulocytes were induced in New Zealand White rabbits by subcutaneous injection of 2.5% phenylhydrazine as described (2) . The rabbits were injected for 5 days and were bled from the marginal ear vein on day 8. The cells were centrifuged at 800 x g for 5 min and washed three times in 140 mM NaCl/50 mM Tris-HCI, pH 7.4 (isotonic saline), and the buffy coat was discarded. Cell counts performed after cresyl blue staining (13) revealed 80-90% reticulocytes. Blood from untreated rabbits with reticulocyte counts of <6% was used for the preparation of erythrocyte extract.
Preparation of Cell-Free Extract. Extracts from reticulocytes and from erythrocytes were prepared as described (2, 9 Rice and Means (14) as described (9) .
Preparation of Protease and Ubiquitin-Containing Fractions. The preparation of protease and ubiquitin-containing fractions is a modification of the procedure described by Ciechanover et al. (15) . Nondialyzed reticulocyte or ervthrocvte extract (10 ml) was passed through a 2.5 X 4.0 cm DEAE-Sephacel column (Pharmacia) that had been equilibrated in 4 mM MgCl2/50 mM Tris-HCl, pH 7.0/0.5 mM dithiothreitol. The ubiquitin-containing fraction (nonadsorbed proteins) was eluted and adjusted to the original volume in an Amicon concentrator with a PM-10 filter. The protease fraction (adsorbed proteins) was eluted with 30 ml of 0.4 M KC1/4 mM MgCl2/50 mM Tris, pH 7.0/0.5 mM dithiothreitol and was similarly concentrated. All samples were dialyzed for 4 hr against 70 mM KC1/4 mM * To whom reprint requests should be addressed.
3577
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (9) . Unless otherwise indicated, the incubation mixture contained 25 ,ul of extract and 5 uM [14C]methyl-a-casein with or without 1 mM ATP with its regenerating system (50 ,ug of creatine phosphokinase per ml and 12 mM creatine phosphate) in a total assay volume of 60 ,ul. Protease and inhibitor-free protease fractions were similarly assayed, with the concentration of the enzyme in the incubation mixture maintained at 42% of that of the original cell extract. In reconstitution experiments, unless otherwise indicated, components of the ATP-dependent proteolytic system were added together at ratios reflecting their concentrations in the original cell extract so that they composed 42% of the total assay volume. After incubation at 37°C, hemoglobin was added as a carrier protein to the assay tubes prior to precipitation with 1 ml of cold 10% trichloroacetic acid. After centrifugation at 2,000 x g, 0.7 ml of the trichloroacetic acidsoluble supernatant was assayed for radioactivity, and the proteolysis percentage was determined (9) . ATP-dependent stimulation of proteolysis was measured as total activity (activity in the presence of ATP) minus the ATP-independent activity divided by the ATP-independent activity X 100. RESULTS Reticulocyte extracts were found to rapidly hydrolyze [14C]-methyl-a-casein by a process that was stimulated 3-to 5-fold by ATP (Table 1 ), in agreement with previous studies (2) (3) (4) (5) (6) (7) (8) . In contrast, a protease-containing fraction prepared from these extracts by ion-exchange chromatography showed little or no sensitivity to ATP (0-80% stimulation) and degraded protein at relatively slow rates (Table 1) . However, addition of the ubiquitincontaining fraction, which had no detectable proteolytic activity by itself, stimulated hydrolysis 85% in the presence of ATP, restoring proteolytic rates to nearly that found in reticulocyte extracts (Table 1) . Such results are in accord with those of Hershko and co-workers (15) . We found that treatment of reticulocyte extracts with 30% ammonium sulfate prior to preparation of the protease-containing fraction by DEAE-Sephacel chromatography greatly enhanced proteolytic activity (Table 1 ). Various preparations of this fraction exhibited proteolytic rates ranging from 21-40% degradation of the substrate per hour with little or no stimulation of proteolysis by ATP. Such enhanced proteolysis suggests that an endogenous inhibitor of proteolysis is precipitated by this treatment. Consistent with this idea, readdition of the precipitated material ("inhibitor") after removal of ammonium sulfate inhibited proteolysis 65-75% in the presence or absence of ATP (Table 1) . Addition of ubiquitin to the protease-and inhibitory-containing preparation conferred 3-to 4-fold ATP dependence on the proteolytic activity because proteolysis in the absence of ATP remains preferentially inhibited. In contrast, addition of ubiquitin to the inhibitor-free protease did not result in significant ATP-dependence (Table 1) . It is noteworthy that preparation of this inhibitor-free protease required ionexchange chromatography after ammonium sulfate precipitation. Treatment of reticulocyte extracts with 30% ammonium sulfate alone, although precipitating inhibitor, did not substantially reduce proteolysis. This may indicate only partial removal of inhibitor by this procedure and/or separation or destabilization of an additional component during chromatography.
To further characterize the inhibitor-free protease, the effectiveness of inhibitors of the reticulocyte ATP-dependent proteolytic system (2, 16, 17) was tested ( Table 2) . It was of interest to ascertain whether these inhibitors act on the protease or on other components involved in controlling the protease. Hemin (75 ,M) inhibits 56% of the proteolytic activity of the inhibitor-free protease and, thus, appears to act directly on the protease. This is in agreement with earlier work (18) showing hemin-inhibition of reticulocyte and erythrocyte protease and with studies of Haas and Rose (19) who have shown that hemin only mildly inhibits conjugate formation while completely inhibiting proteolysis. In contrast, EDTA (5 mM) and polylysine (250 ,AM), both of which inhibit 77% of the unfractionated reticulocyte proteolytic activity, inhibited only 26% and 12%, respectively, of the inhibitor-free protease activity (Table 2) . Upon reconstitution of an ATP-dependent proteolytic system by add- Proc. Nati. Acad. Sci. USA 80 (1983) ing ubiquitin and inhibitory fractions to the inhibitor-free protease, the effect of EDTA more than doubled and the effect of polylysine increased 4.3-fold. Therefore, both EDTA and polylysine appear to act on a step involved in the regulation of proteolysis.
In previous experiments it has been shown that ATP-dependent activity is lost with maturation, reflecting decreased ability of these cells to degrade both endogenous and exogenous substrates (4, 8, 9 ). However, prolonged storage in liquid nitrogen or freeze-thawing was found to cause erythrocyte extracts to become highly active both in the presence and absence of ATP (Fig. 1) (Fig. 2, Table 1 ).
To directly demonstrate the existence of the inhibitor in erythrocyte extracts, a 0-30% ammonium sulfate fraction was prepared from these cell lysates. This fraction was found to inhibit effectively both the "active," stored erythrocyte extracts and the reticulocyte inhibitor-free protease by 40-50%. This inhibitory fraction, removed from the erythrocyte extract, re- mained stable with extended storage. No inhibitor could be isolated from "active" stored erythrocyte extract (data not shown).
It was of interest to determine whether noninhibited erythrocyte extract could be regulated by the components of the reticulocyte ATP-dependent system. As can be seen in Table 3 , neither the reticulocyte ubiquitin fraction nor inhibitor fraction alone was sufficient to restore ATP-dependent proteolysis. However, when added together, these components inhibit proteolysis by 73% in the absence of ATP, while allowing a 3.3-fold increase in proteolytic activity when ATP was present. Thus, the properties of the erythrocyte protease supplemented with reticulocyte inhibitor and ubiquitin appear identical to the activity of the intact reticulocyte proteolytic system (Table 1 Previous studies have shown that ATP-dependent proteolysis decreases markedly with reticulocyte maturation and with further aging of erythrocytes (4, 8, 9) . The present results show that this loss of ATP-dependent activity is not due to loss of the protease(s) ( Figs. 1 and 2 ; Table 3 ). Because the inhibitor activity could be demonstrated in erythrocytes (Fig. 1) , a possible explanation for the maturational loss of ATP-dependent proteolysis could involve an inability to repress the inhibitor with cell age. ATP appeared able to repress inhibitor activity in erythrocyte extracts when a reticulocyte ubiquitin-containing fraction was supplied (9) , although the degree of repression may be less than that seen in reticulocytes. Thus, although erythrocytes are a source of ubiquitin, some decrease in activity of this polypeptide and possibly other components may contribute to the maturational decline in ATP-dependent proteolysis.
Interestingly, Hershko et al. have described a component of the reticulocyte proteolytic system that is prepared by a 0-38% ammonium sulfate fractionation of the ion-exchange adsorbed proteins (25) . This fraction, together with a ubiquitin-activating enzyme that is prepared by a 40-75% ammonium sulfate fractionation (26), appears to be necessary for reconstitution of ATPdependent proteolysis, though no inhibitory activity was attributed to it. It is not clear whether the necessary component in their 0-38% ammonium sulfate fraction was the inhibitor or some additional factor. It is of-interest that this factor appeared to be lost during reticulocyte maturation because we have found the inhibitor to be present in fresh erythrocyte extracts but more unstable in these preparations in comparison to reticulocyte extracts. Thus, if their 0-38% factor is the same as the inhibitor, the apparent loss of this component could be related to its lability in cell-free preparations.
Our studies suggest that the endogenous protease inhibitor is a nondialyzable, trypsin-inactivated protein and that it is not a competitive substrate for proteolysis (unpublished data). Further insight into the proposed mechanism by which ATP represses the inhibitor in the presence of ubiquitin must await purification and characterization of this factor.
